One contribution of 12 to a theme issue 'Fullerenes: past, present and future, celebrating the 30th anniversary of Buckminster Fullerene' .
Shortly after the discovery of fullerenes, many researchers pointed out that carbon nanotubes could be considered as elongated fullerenes. However, the detailed formation mechanism for both structures has been a topic of debate for several years, and consequently it has been difficult to draw a clear connection between the two systems. While the synthesis conditions appear to be different for both fullerenes and nanotubes, here, we demonstrate that it is highly likely that, at an initial growth stage, single-walled carbon nanotubes begin to grow from a hemisphere-like fullerene cap. More importantly, by analysing the minimum-energy path, it is shown that the insertion of C 2 fragments drives the transformation of this fullerene cap into an elongated structure that leads to the formation of very short carbon nanotubes.
This article is part of the themed issue 'Fullerenes: past, present and future, celebrating the 30th anniversary of Buckminster Fullerene'.
Introduction
The discovery of buckminster fullerene (C 60 ) in 1985 revolutionized the chemistry field and is definitively the starting point of the carbon nanotechnology era [1] . Even though fullerene molecules were around for many years, its low abundance in comparison to other carbon forms made it difficult to provide solid evidence about the existence of this beautiful molecule. The discovery of C 60 was not immediately accepted by the scientific community, even though it was realized that C 60 was just one member of a very large family of carbon cages that were named fullerenes, composed of any number of hexagons and 12 pentagons [2] . Such cage-like clusters were also observed in mass spectra but their structures were not confirmed at the time [3] . Campbell et al. [4] found that C 60 could be formed in the laser ablation of not only graphite, but also imide polymers. These findings supported Kroto's theory in which the C 60 stability could be the reason for its ubiquitous nature [5] . Nonetheless, there was particular scepticism on its cage-like structure [6] and stability [7] . The scientific debate was open for approximately 5 years, and it was difficult to settle because of the limited mass quantities of C 60 produced using the laser ablation technique. However, 5 years after the discovery of C 60 , Krätschmer and co-workers [8] found that fullerenes could be mass-produced by an arc discharge of graphite electrodes. Once large quantities of this molecule were obtained, it was found that it could be purified by sublimation or chromatography [9] , and its existence and properties were confirmed beyond any doubt.
Before the discovery of fullerenes, carbon nanotubes (CNTs) were observed as ultra-thin carbon fibres with a central hollow core along their fibre axis [10] , and consisted of rolled graphite-like layers. These nanotubes were prepared using nano-sized iron catalytic particles as nucleation seeds that were either dispersed on the growing substrate or floated inside the reaction chamber, in addition to hydrocarbons used as the carbon source [11] . This process is currently known as catalytic chemical vapour deposition (CCVD), and it is the most common method to prepare large quantities of carbon nanotubes. It is interesting to note that industrial production of multi-walled carbon nanotubes (MWCNTs; also known as carbon nanofibres) started in 1988, and the most common catalyst is iron [12] . Nowadays, there are several methods used for the large-scale synthesis of CNTs, and they are based on CCVD, such as fluidized-bed CVD, sprayassisted CVD, among others [13] . In 1991, after Sumio Iijima published his famous paper [14] on CNTs, fundamental and applied research on CNTs including single-, double-and multi-walled structures accelerated very rapidly. This led to a new carbon nanotechnology era. Iijima later published [15] the synthesis of carbon nanotubes using an experimental set-up similar to that used for C 60 synthesis: an arc-discharge reactor using graphite electrodes, but, in this case, yttrium was added to the graphite electrode and seemed to work as catalyst for the growth of single-walled carbon nanotubes (SWCNTs). Subsequently, iron was also used to grow SWCNTs, suggesting the important role of the metal catalyst. The carbon diffusion and subsequent nanotube growth have been observed experimentally in situ by heating/irradiating iron particles inside carbon nanotubes using a high-resolution transmission electron microscope [16] . Evidently, iron is the most common catalyst for an effective and low-cost production of MWCNTs [17] . Not only is CCVD suited for the large-scale nanotube production [11] , but also it is thought to control morphological features such as diameter [18] , chirality and the number of walls [19] [20] [21] .
The metal-free growth of fullerenes is still under debate. By annealing adjacent fullerenes, it is possible to prepare CNTs [22] . However, this route requires the C 60 molecules to be fully confined inside a nanotube [23] , and this makes difficult its large-scale production. It is also important to understand the formation mechanisms of chiral CNTs from small carbon clusters [24] . In this context, Kroto & Endo [25, 26] proposed a CNT metal-free growth mechanism based on C 2 molecule insertion into a closed carbon cage; the opposite process of the C 60 decomposition. However, besides spectroscopic data [27, 28] , it was difficult to have experimental evidence of such small carbon clusters. More recently, in situ optical emission spectroscopic measurements during laser-assisted CCVD seem to support the role of C 2 in the nucleation and early growth of SWCNTs [29] . Many groups [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] complex mechanism that involves spontaneous fullerene formation and nanotube growth. For example, reactive force fields are responsible for explaining chemical reactions, while classical molecular dynamics (MD) are being used to study the growth of SWCNTs from iron nanoparticles [44] . Theoretical calculations have also been used to explain whether carbon atoms will form a shell around the metal catalyst or will grow anisotropically as a CNT [45, 46] . Here, we report additional data related to the metal-free CNT growth using first-principles calculations and propose a possible nanotube formation path.
Experimental methods
Computer simulations were performed using density functional theory (DFT) as implemented in Quantum ESPRESSO [47] , employing a plane-wave basis set and a pseudopotential. In particular, ultrasoft pseudopotentials were employed for carbon, iron and hydrogen. These potentials considered a Perdew-Burke-Ernzerhof model [48] for the exchange-correlation terms. For all calculations such as relaxation, MD and nudged elastic band (NEB) analysis [49] , the cut-off energy was set to 30 Ry for the wave functions. Upon relaxation, we defined the total energy of the growing cluster by
where E total is the total energy obtained by first-principles calculations, (cap + C 2 ) index represents the joint fullerene cap and C 2 molecule after relaxation, while (cap) represents the fullerene cap, and C 2 is the C 2 molecule. In MD calculations, the temperature was set to 1173 K and the time step was set to 10 a.u. (0.4838 fs). For the NEB calculations, the reaction path was set to nine images. The minimum-energy path and saddle point were found using the method described by Henkelman & Jonsson [50, 51] . The initial state for the cap without catalyst corresponds to a hemisphere of the C 60 molecule, in which its edge bonds have been passivated with hydrogen atoms, resulting in 30 carbon atoms and 10 hydrogen atoms. We compared the results of this catalyst-free reaction with the case of a cap located on top of an iron cluster. In this case, an identical hemispherical C 60 cap was placed on top of the Fe clusters after relaxation, and we then performed the same NEB calculation. The Fe catalyst cluster was modelled with both fcc and bcc structures including 55 and 59 iron atoms, respectively. These types of clusters have been reported as stable structures [52, 53] . For a light element such as carbon, usually the spin polarization effects and weak spin-orbit interactions are relatively small. Therefore, we have disregarded the spin effects and only considered that the process of C 2 insertion was dominated by Coulomb and van der Waals interactions. In addition, spin polarization becomes an important factor when dealing with Fe clusters. However, we assumed that, under the high temperature used in the simulation (1173 K), typical for CVD growth, the Fe cluster magnetic behaviour is paramagnetic; thus, we also did not take into account spin states in the calculations. All molecular diagrams were prepared using Jmol software (Jmol: an open-source Java viewer for chemical structures in 3D; http://www.jmol.org/).
For the SWCNT growth simulation, we assumed that C 2 vapour was already chemisorbed on the fullerene cap. The addition of the C 2 molecule within the growing fullerene surface was based on an algorithm that was described in previous publications [25, 26] . The steps of this addition process are depicted in figure 1 . Briefly, we started in figure 1a with a cap consisting of a hemispherical C 60 molecule passivated with hydrogen atoms. At this point, a C 2 molecule was attached to the cap within a specific position (figure 1b), and the new energy-optimized structure was adopted after relaxation (figure 1c). This specific position corresponds to the several positions shown in figure 2. This step is repeated for each incoming C 2 molecule, thus resulting in an elongated growth of the hemispherical fullerene [12, 26] that eventually transforms into an elongated fullerene or a short SWCNT (figure 1d). In this context, Scuseria [43] discussed in detail the Stone-Wales bond rotation [54] and other rearrangement processes that can modify the topology of the fullerene cap. During the NEB calculations, we estimated the reaction time of C 2 insertion into the fullerene cap (t jump ) using the van't Hoff-Arrhenius equation [55] 
where ω is the phonon frequency, and the exponential part represents the probability that the thermal energy, k B T, overcomes the potential barrier, E, of the insertion reaction.
Results and discussion
The high abundance of even-carbon clusters during carbon vaporization experiments strongly suggests that fullerene growth occurs by sequential C 2 molecule additions [3] . In this context, Kroto & Endo [25] proposed that the growth of carbon nanotubes occurred in a similar fashion to the growth of fullerenes, with the aid of topological defects (e.g. pentagons) that curve the carbon nanotube tips. The model was proposed 25 years ago; however, in recent years, quantum calculations have made possible the analysis of the thermodynamic stability of these structures within acceptable computational times. In this paper, we investigated the most energetically favoured sites for the C 2 chemisorption on fullerene caps. Six different initial cases are shown in figure 2 with their corresponding energy barrier after relaxation. In cases 1 to 3, the adsorption site was placed across the hexagonal carbon ring. For case 1, the C 2 unit diffuses from the edge of the cap to the pentagonal ring located on top, whereas in case 2 the C 2 unit goes from a hexagonal to a pentagonal ring. For case 4, the C 2 cluster binds to the cap across the hexagonal ring in an off-centred position. Finally, for cases 5 and 6, the adsorption sites were located on top of the pentagonal carbon rings. Both cases 1 and 2 (shown in figure 2 ) indicate that the proposed structure had an energy difference higher than that calculated for the configurations shown for cases 3, 4, 5 and 6. However, this calculation does not consider temperature effects. In order to consider thermal effects, we performed MD calculations to understand the stability of such structures. We selected 1173 K as a typical temperature used during the CCVD growth of nanotubes and carried out MD calculations. The time taken to perform was 2 ps. Figure 3a shows the initial state of case 1, in which a C 2 molecule is already attached to the cap. After 0.05 ps of relaxation, the pentagon on top transforms into a hexagonal ring, with the formation of two new adjacent pentagonal rings (figure 3b). This structure was kept for 2 ps, thus indicating that it is a metastable structure.
Further insertion of C 2 clusters was studied. Figure 3c depicts the attachment of an additional C 2 molecule to the cap in another energetically favoured site, across the adjacent hexagonal ring. When the MD simulation was performed, the newly inserted C 2 molecule was already relaxed after 0.05 ps (figure 3d), and remained in a metastable state. Thus, we confirmed that C 2 molecules adsorbed across hexagonal rings of fullerene caps result in stable (or metastable) structures even when temperature effects are considered.
After confirming the thermal stability of these structures following C 2 additions, we investigated the detailed mechanism of C 2 insertions in a non-favoured site of the cap. We performed a MD simulation where the initial state consisted of a C 2 molecule located away from the cap (figure 4a). After 2.15 ps, it was clear that this C 2 molecule was not adsorbed on the pentagonal centre of the cap. stable bonding between the C 2 cluster and the fullerene cap, and the C 2 molecule kept drifting above the bridge site. With this information in hand, we now proposed a chemical path and performed NEB calculations. We carried out these simulations with the hemispherical fullerene cap only (metalfree case), but we also performed the same reaction paths by placing the hemispherical fullerene cap on top of either a bcc or an fcc iron cluster. Here, we compared the thermodynamic stability provided by the iron nanoparticle (nanotube growth catalyst).
The initial and final states were based on the stable structures shown in figure 4b and figure 3b . When the iron clusters were added, the edge hydrogen atoms of the C 60 hemisphere were removed and the carbon atoms were bonded to the iron cluster. The total number of images for the NEB calculation was set to 9. In figure 5 , the reaction path is shown along with the total energy of each intermediate image calculated. The energy reference of 0 eV was set for the initial state. In the three cases, the sixth step had the highest energy, and thus it was used to calculate the difference in energies ( E) and extract the total activation energy, or potential barrier, of the C 2 insertion process into the C 60 cap. After having transition states during C 2 insertion, the total energies of the relaxed final structures had lower energy than the initial structures. The calculated activation energies were 2.62 eV, 1.96 eV and 1.77 eV for the pure cap case, the fcc case and the bcc case, respectively. We estimated this reaction time rate by using equation (2.2). For the cap case, the fcc and bcc cases, the reaction rates obtained were 4.14 × 10 −3 s, 7.46 × 10 −6 s and 1.13 × 10 −6 s, respectively. These results indicate that both fcc and bcc iron clusters promote C 2 insertion into the fullerene cap over the metal-free case. We must point out that we have not considered diffusion effects of the carbon within the carbon particle, which might introduce a higher level of complexity to the model of growth, where diffusion of carbon atoms within the nanoparticle would play an important role. Nevertheless, they show that, in comparison to the metal-free process, the metal nanoparticle provides higher thermodynamic stability. It also shows that our sequential C 2 addition mechanism is thermodynamically viable. Finally, we performed the MD simulation of the SWCNT growth by continually supplying C 2 units into the cap. Figure 6 shows the snapshots of the SWCNT growth process without the catalytic iron nanoparticle (top) and with the Fe cluster, respectively.
We started the simulation using an Fe 38 -atom cluster as catalyst and a hemispherical fullerene C 60 cap placed on top of this cluster. This cluster has also been calculated to be stable [52, 53] . When the simulation was carried out for the metal-free case, a nascent armchair SWCNT was obtained after attaching 30 C 2 units. When the simulation was repeated in the presence of an iron cluster, a carbon nanotube with a different morphology was obtained. This difference in shape shows the influence of the catalytic particle during the carbon nanotube growth. Further studies on the effect of different types of cluster are currently under investigation. . SWCNT growth simulation by iterative addition of C 2 units. At the top, the metal-free case and, at the bottom, the same growth simulation performed in the presence of an iron cluster. The iron cluster is shown in orange, the original fullerene cap atoms in grey and the added C 2 atoms in blue.
Conclusion
We have used first-principles calculations in combination with MD to revisit the mechanism for SWCNT growth that Kroto & Endo [25] first proposed 25 years ago. We have found the preferred atomic configurations in which C 2 units insert in the hemispherical fullerene cap. By using the NEB method, we have also found that iron nanoparticles lower the activation energy of the C 2 unit insertion. Repeated addition of the C 2 clusters results in the growth of an SWCNT, whose morphology is influenced by the catalytic iron particle.
